The aim of this study was to improve the performance of affinity gels containing glycyl-D-phenylalanine (Gly-DPhe) as a ligand to thermolysin. Gly-D-Phe was immobilized to the resin through spacers of varying chain lengths. The resulting affinity gels had spacer chain lengths of 2 carbon atoms and 11 and 13 carbon-andoxygen atoms (designated T2, T11, and T13), and were characterized for their binding abilities to thermolysin. Measurement of adsorption isotherms showed that the association constants to thermolysin were in the order T13 > T11 > T2. In affinity column chromatography, in which 5 mg thermolysin was applied onto 1-ml volumes of the gels, the adsorption ratios of thermolysin were also in the order T13 > T11 > T2. These results indicate that the performance of affinity gels is improved by increasing the spacer chain length to 13 carbon-and-oxygen atoms.
Thermolysin [EC 3.4.24 .27] is a representative zinc metalloproteinase derived from Bacillus thermoproteolyticus. [1] [2] [3] In accordance with the expansion of industrial use and basic studies of thermolysin, purification techniques have been devised. In the affinity purification of thermolysin, acetyl-D-phenylalanine (acetyl-D-Phe), succinyl-D-leucine (succinyl-D-Leu), 4) and glycyl-D-phenylalanine (Gly-D-Phe) 5) covalently attached to Sepharose matrix, and Bacitracin-silica 6) have been used. Affinity gels containing acetyl-D-Phe, succinyl-D-Leu, or Gly-D-Phe are based on the finding that thermolysin catalyzes specifically the hydrolysis of peptide bonds with bulky hydrophobic amino acid residues such as Phe or Leu at the P1 0 position. 7, 8) Although Gly-D-Phe is preferentially used for purification of recombinant thermolysin variants expressed in Bacillus and Escherichia coli, 9, 10) little has been determined as to the performance and basic properties of these ligands. Recently, we reported that gels containing Gly-D-Phe exhibited high performance in affinity chromatography and a high association constant to thermolysin as compared to those containing glycyl-D-leucine (Gly-LLeu) or D-phenylalanine (D-Phe), while the maximum thermolysin binding capacities were almost the same. 11) In that study, Gly-D-Phe, Gly-L-Leu, and D-Phe were directly coupled to Toyopearl AF-Formyl 650M (Tosoh, Tokyo) without spacers, and the association constant of the resulting gels containing Gly-D-Phe to thermolysin was ð2:5 AE 0:2Þ Â 10 5 M À1 , 11) which is rather low as compared to conventional affinity ligands such as antibodies. The aim of this study was to improve the performance of affinity gels containing Gly-D-Phe by optimizing the spacer chain length.
1-Chloro-2,3-epoxy propane (epichlorohydrin), 1,4-butanediol diglycidyl ether, or 1,6-hexanediol diglycidyl ether ( Fig. 1 ) was coupled to polymer-based resin Toyopearl HW-65 (Tosoh) according to the manufacturer's instructions. Immobilization of Gly-D-Phe (Sigma-Aldrich, St. Louis, MO) to the epoxy-activated resin was carried out by reductive amination. 11, 12) The resulting affinity gels had spacer chain lengths of 2 carbon atoms and 11 and 13 carbon-and-oxygen atoms, and were designated T2, T11, and T13 respectively (Fig. 1) .
First, we examined the adsorption isotherms. Gels (100 ml) were equilibrated with 20 mM sodium acetate buffer (pH 5.5) containing 5 mM CaCl 2 (buffer A), and placed in a 15-ml tube. A three-times-crystallized and lyophilized preparation of thermolysin (Lot T4BB691; Daiwa Kasei, Osaka, Japan) (10 ml of 0 to 1.0 mg/ml in buffer A) was added, and the tube was rotated for 1 h at 25 C. The concentration of free thermolysin, C, was determined spectrophotometrically using an absorbance value at 277 nm, A 277 (1 mg/ml), of 1.83 and a molecular mass of 34.6 kDa, 13) and revised based on the y To whom correspondence should be addressed. Tel: +81-75-753-6266; E-mail: inouye@kais.kyoto-u.ac.jp
previous finding that the thermolysin preparation contained as much as 77% active enzyme.
11) The concentration of thermolysin adsorbed on the gel, n (mg thermolysin/ml gel), was calculated by the total material balance. Figure 2 shows the isotherms for thermolysin to T2, T11, and T13. n and C are expressed as the Langmuir equation: 11, 14) n
where n m is the maximum capacity (mg thermolysin/ml gel) and K is the association constant (M À1 ) of thermolysin with the gel. The Langmuir equation was fit to Fig. 2 , and the K and n m values obtained are summarized in Table 1 11) showing high performance of T13 as an affinity gel for thermolysin. Kinetic analysis of the adsorption might reveal whether the increase in the K value of T13 was due to an increase in the association rate constant or a decrease in the dissociation rate constant. This kinetic analysis could be performed separately from the practical question examined in the present study, and will be a subject of investigation in near future.
Next, we examined performance of the gels in affinity chromatography. Gels (1 ml) were placed in columns (10 mm inner diameter Â 80 mm) and equilibrated with 5 ml of buffer A. Thermolysin (25 ml of 0.2 mg/ml in buffer A) was applied onto the column at a flow rate of 1 ml/min. The concentrations of thermolysin in the applied and flow-through solutions were determined by A 277 , as described above. The adsorption ratio was expressed as follows: Gly-D-Phe The affinity gels T2, T11, and T13 were Toyopearl HW-65, to which Gly-D-Phe was coupled through epichlorohydrin, 1,4-butanediol diglycidyl ether, and 1,6-hexanediol diglycidyl ether respectively. The two carbon atoms and 11 and 13 carbon-and-oxygen atoms of T2, T11, and T13 are boxed.
Adsorption ratio (%)

¼
Amount of adsorbed thermolysin Amount of applied thermolysin Â 100 ð2Þ
As Table 1 shows, the order of the adsorption ratio was T13 > T11 > T2, the same as that of K.
The results indicate that the performance of the gels was improved by increasing the spacer chain length to 13 carbon-and-oxygen atoms. This might be explained by the fact that the steric hindrance to the interaction between Gly-D-Phe and thermolysin decreases with increasing spacer chain length. Similar results have been reported on spacers through which textile dyes were linked to gels for binding to lactate dehydrogenase 15) and p-aminobenzamidine was linked to gels for binding to trypsin. 16) In order to confirm that Gly-D-Phe is the most suitable ligand for gels, we prepared gels containing Gly-L-Phe, Gly-D-Leu, and Gly-L-Leu with a spacer chain length of 11 carbon-and-oxygen atoms and compared them with gels containing Gly-D-Phe. respectively, and the adsorption ratios of thermolysin in affinity column chromatography (Eq. 2), in which 5 mg thermolysin was applied onto 1-ml volumes of the gels, were 95%, 85%, 32%, and 87% respectively. This indicates that the performance of Gly-D-Phe is the highest and that there is also a significant correlation between the K values and adsorption ratios. It should be noted that no decomposition of ligands by thermolysin has been observed in measurements of adsorption isotherms or chromatographic experiments (data not shown). This observation corresponds to the substrate specificity and action pattern of thermolysin, which shows no carboxypeptidase activity or D-peptidase activity.
Generally, affinity chromatography is especially effective for purifying a target molecule contained in small amounts in a sample. If it is abundant, other chromatographic methods, such as hydrophobic-interaction chromatography and ion-exchange chromatography, might be advantageous in their applicability to various substances. 17) On the other hand, affinity chromatography requires optimization of various factors. We have reported that the maximum binding capacities depended on pH, solvent composition, and pore size of the resin in dye affinity chromatography for human serum albumin or trypsin. 12, 18) In this study, we improved the performance of affinity gels containing Gly-D-Phe as a ligand to thermolysin by increasing the spacer chain length to 13 carbon-and-oxygen atoms. The applicability of this method to other enzymes is a future project. Isotherms for Thermolysin Adsorption to the Affinity Gel at 25 C. Thermolysin (10 ml of 0 to 1.0 mg/ml) was mixed with 100 ml of T2 (circles), T11 (squares), or T13 (triangles) at pH 5.5. The concentration of free thermolysin was determined bt A 277 , and that of bound thermolysin on the gel was calculated by the total material balance. One of the representative data is shown. a Five mg thermolysin was applied onto 1-ml of volumes of the affinity gels.
